This paper presents the comparative dynamic-stability analysis of an integration of a doubly-fed induction generator (DFIG)-based offshore wind farm (OWF) and a permanent-magnet synchronous generator (PMSG)-based OWF fed to a large power grid through a high-voltage AC (HVAC) line and a high-voltage direct-current (HVDC) link based on line-commutated converter (LCC). The operating performance of the studied 60-MW PMSG-based OWF is simulated by an equivalent PMSG driven by an equivalent wind turbine (WT) while an equivalent DFIG driven by an equivalent WT through an equivalent gearbox is used to simulate the operating characteristics of the 80-MW DFIG-based OWF. A frequency-domain approach based on a linearized system model using eigenvalue technique and a time-domain scheme based on a nonlinear system model subject to various disturbance conditions are both utilized to compare the damping characteristics contributed by the HVAC line and the proposed LCC-HVDC control scheme. It can be concluded from the simulation results that the proposed LCC-HVDC link is capable of rendering better damping characteristics to stabilize the studied integrated two OWFs fed to power grid subject to a severe fault than the HVAC line.
Introduction
The utilization of high-capacity wind turbine generators (WTGs) with power rating over 5 MW for offshore wind farms (OWFs) has become a new way to meet economic benefits and high-power generation. However, an OWF with high installation-capacity sends power to onshore power grids has to face several practical challenges such as high power fluctuations, reduction of power quality, connection of weak power grids, change in operating modes of conventional power plants, etc. To solve these obstacles, a high-voltage direct-current (HVDC) link can be used to integrate several high-capacity OWFs due to its high-power control ability and fast-modulation characteristics. An HVDC link can also deliver large power over long-distance DC cables to reduce excessive voltage drop between sending end and receiving end when comparing with traditional long-distance HVAC cables with larger line-reactance voltage drop.
The analyzed outcomes of a 200-MW OWF using 25 voltage-source converters (VSCs) [1] and a 200-MW OWF using 25 current-source inverters (CSIs) [2] fed to a power grid through a multi-terminal HVDC link were discussed and compared. The simulation results of employing an AC system of 150 kV, an AC system of 400 kV, and a VSC-HVDC link for connecting three OWFs with different capacities (100 MW, 200 MW, and 500 MW) to an onshore power grid were compared [3] . An OWF using a LCC-HVDC link fed to an onshore power network was studied in [4] . The integration of DFIG-based OWFs with a common collection bus controlled by a static synchronous compensator (STATCOM) fed to an onshore power grid through a LCC-HVDC link was investigated in [5] . Power flow control results of an OWF connected with a LCC-HVDC link through modulating the rectifier firing angle or the DC-link current were shown in [6] . The simulation outcomes and ride-through capability of a VSC-HVDC industrial system subject to voltage disturbances were demonstrated in [7] . Three different frequency controllers and their associated effects on voltage-disturbance ride-through capability of a VSC-HVDC industrial system were compared in [8] . Large power converters consisting of two series-connected 12-pulse groups and a new power converter control scheme applicable to a multilevel HVDC system were described in [9] . A STATCOM and a VSC-HVDC system used to solve operational problems in power systems were presented in [10] . The operational performance of a wind farm consisting of several IGbased WTGs and modeled by an equivalent IG incorporated VSC-HVDC system was depicted in [11] . The characteristics of a VSC-HVDC link, an HVAC cable interconnection, and a synchronous generator under a faulted condition were compared in [12] , and the analyzed outcomes showed that the VSC-HVDC link was capable of offering fault ride-through capability for the studied wind farm comprising IG-based WTGs. The requirements of a DFIG-based wind farm connected to a power grid through a conventional thyristor-based HVDC link were examined in [13] . The characteristics of an IG-based OWF connected to a weak AC grid were studied, and the simulation outcomes showed that the proposed HVDC link was able to supply the variable active power of the OWF to the weak grid and keep the fluctuations of AC voltages at the point of common coupling (PCC) at an acceptable level [14] .
This paper is organized as below. Section 2 introduces the configuration and the employed mathematical models for the integrated DFIG-based and PMSG-based OWFs fed to an infinite bus through a LCC-HVDC link. Section 3 depicts the eigenvalue analysis of the dominant modes of the studied system under various operating conditions. Section 4 compares transient responses of the studied system under disturbance conditions. Specific important conclusions of this paper are drawn in Section 5. Fig. 1 shows the configuration of the studied system including a combined PMSG-based OWF and DFIG-based OWF is fed to a large power grid through a LCC-HVDC link. The 60-MW PMSG-based OWF (OWF#1) is represented by an equivalent aggregated variable-speed wind turbine (VSWT) driven an equivalent aggregated PMSG that is fed to bus A through a back-to-back power converter, a step-up transformer of 0.69/24 kV and an undersea cable. The 80-MW DFIG-based OWF (OWF#2) is represented by an equivalent aggregated VSWT with an equivalent gearbox driven an equivalent aggregated DFIG that is fed to bus A through a step-up transformer of 0.69/24 kV and an undersea cable. The equivalent capacitance C bus is connected to the common bus A that is fed to an infinite bus through an offshore step-up transformer of 24/161 kV, undersea cables, the LCC-HVDC link, an onshore step-down transformer of 161/24 kV, and underground cables. The proposed 140-MW LCC-HVDC consists of a rectifier, a T-equivalent DC cable, and an inverter, and it is used for damping improvement of the studied two OWFs subject to the power fluctuations due to wind-speed variations. The equations in the following subsections are expressed in per unit (pu) or MKS quantities except that the time variable t is in second.
System Configuration

Wind turbine model
The captured mechanical power by a wind turbine (WT) from wind is given by
where P W is the captured mechanical power (W), ρ is the air density (kg/m 3 ), A r is the blade impact area (m 2 ), V W is the averaged wind velocity (m/s) as depicted in [15] , and C p is the power coefficient [16] that can be expressed by
in which
where λ is the tip speed ratio, β is the blade pitch angle (degrees), c 1 -c 9 are constant coefficients of power coefficient C p , ω bd and R bd are the blade angular velocity (rad/s) and the blade radius (m), respectively. Equation (1) is valid when the wind speed ranges between the cut-in and the rated wind speeds of the employed WT. The cut-in, rated, and cut-out wind speeds for the wind DFIG (wind PMSG) are selected as 4 (3) m/s, 14 (13) m/s, and 24 (23) m/s, respectively. Fig. 2 shows the two-inertia reduced-order equivalent mass-spring-damper model of the WT coupled to the rotor shaft of the studied wind PMSG. The model shown in Fig. 2 can also be applied to the massspring-damper model of the WT coupled to the rotor shaft of the studied wind DFIG through a gearbox except the employed parameters. The effect of the equivalent gearbox (GB) between the WT and the DFIG has been included in this model [17] [18] [19] . Fig. 2 . Two-inertia reduced-order equivalent mass-spring-damper model of the WT coupled to the rotor shaft of the studied wind PMSG.
Mass-spring-damper model
DFIG, PMSG models and operation of power converters
The corresponding per-unit (p.u.) q-and d-axis voltage-current equations of the DFIG and PMSG models as well as the detail operation of the converters can be referred to [20] and [21] - [22] , respectively.
LCC-HVDC link model
The LCC-HVDC link model consists of an AC-to-DC converter, a DC line, and a DC-to-AC inverter [23] - [27] . The base values for the AC and DC quantities should be properly selected such that the p.u. values of DC quantities remain unchanged when they are converted to the synchronous reference frame of the AC system [24] - [25] . The p.u. output DC voltage and current of the rectifier can be properly converted with reference to the common reference frame of the dq-axis of the AC system [20] , [23] - [27] . Fig. 3 shows the control block diagrams of the rectifier-current regulator (RCR) of the converter and the inverter-current regulator (ICR) of the inverter [25] - [27] , respectively. The p.u. equations for the RCR and the ICR can be expressed by, respectively Fig. 3 . Block diagram of (a) the rectifier-current regulator (RCR) (b) the inverter-current regulator (ICR) of the inverter. Table 1 lists the comparative eigenvalues of the studied two OWFs fed to a power grid through the proposed LCC-HVDC link and an HVAC line under V W (wind speed of two OWFs) of 12 m/s. The length of the HVAC line is properly selected to have the same as the one of the LCC-HVDC link. It can be clearly seen from the results listed in Table 1 When we compare the eigenvalues listed in Table 1 , it is found that the employed LCC-HVDC link or HVAC line has no significant effects on the eigenvalues of the PMSG-based OWF or the local load but it has very small effects on the eigenvalues of the DFIG-based OWF. It is due to the facts that the stator windings of the equivalent wind DFIG is directly connected to the common AC bus A through a 0.69/24 kV step-up transformer but the wind PMSG is connected to the common AC bus A through a 0.69/24 kV step-up transformer and a full back-to-back power converter. The employed back-to-back power converter has the ability to decouple the effect of the PMSG and the AC system.
Eigenvalue Analysis
It is also noted that the eigenvalues of the HVAC line are three complex-conjugated modes while the eigenvalues of the LCC-HVDC consist of four complex-conjugated modes and three real modes. The four complex-conjugated modes of the LCC-HVDC system are far from the imaginary axis of the complex plane and, hence, they are quite stable and have no obvious effects on the stability of the system. Fig. 4 that the studied system with the proposed LCC-HVDC link has the ability to suppress large variations on the quantities of the system due to the applied severe fault at the infinite bus.
Analysis of Transient Responses
Conclusion
This paper has presented the comparative stability analysis of an integration of a DFIG-based OWF and a PMSG-based OWF fed to a power grid through a LCC-HVDC link and an HVAC line. The eigenvalue technique has been employed to show the comparative damping characteristics contributed by the HVAC line and the proposed LCC-HVDC link. Transient responses of the studied system subject to a severe three-phase short-circuit fault at the power grid have demonstrated the proposed LCC-HVDC link can effectively suppress large variations on the quantities of the studied system.
